ABSTRACT Human complement protein C3 was inactivated by using methylamine and thereby generating a SH group from the internal thiol ester. The protein was coupled via this SH group to activated thiol-Sepharose and digested with elastase. Fragment C3d remained attached to the thiol-Sepharose and was subsequently eluted with L-cysteine. Concomitantly, the original SH group was regenerated, and it was then labeled with iodo[2-3H]acetic acid. Partial sequence analysis of the radiolabeled C3d fragment showed that both components of the thiol ester are located close to the amino terminus (residues 23 and 26). Specific chemical cleavage ofthe a-chain was achieved after S-cyanylation of the thiol. The two fragments obtained corresponded to the amino-terminal section (Mr "=46,000) and the carboxy-terminal section (Mr ="70,000 255, shows a previously recognized identity of seven residues around the thiol ester site and a second region of identity around a known glycosylation site of a2-macroglobulin. The relationships among these proteins and protein C4 are discussed. An overall outline of the structure of C3 is presented, showing the locations of various fragments and cleavage sites. The thiol ester group places constraints on the local folding of the peptide chain; a possible conformation is suggested and discussed in relation to the mechanism of activation.
ABSTRACT Human complement protein C3 was inactivated by using methylamine and thereby generating a SH group from the internal thiol ester. The protein was coupled via this SH group to activated thiol-Sepharose and digested with elastase. Fragment C3d remained attached to the thiol-Sepharose and was subsequently eluted with L-cysteine. Concomitantly, the original SH group was regenerated, and it was then labeled with iodo [2- 3H]acetic acid. Partial sequence analysis of the radiolabeled C3d fragment showed that both components of the thiol ester are located close to the amino terminus (residues 23 and 26). Specific chemical cleavage ofthe a-chain was achieved after S-cyanylation of the thiol. The two fragments obtained corresponded to the amino-terminal section (Mr "=46,000) and the carboxy-terminal section (Mr ="70,000). These results together indicate that fragment C3d occupies approximately positions 345-610 of the achain. The-partial sequence of C3d was extended by completion of the sequence of a previously described tryptic peptide. Com 255 , 8087-091] shows a previously recognized identity of seven residues around the thiol ester site and a second region of identity around a known glycosylation site of a2-macroglobulin. The relationships among these proteins and protein C4 are discussed. An overall outline of the structure of C3 is presented, showing the locations of various fragments and cleavage sites. The thiol ester group places constraints on the local folding of the peptide chain; a possible conformation is suggested and discussed in relation to the mechanism of activation.
The complement system comprises a series of proteins that facilitate destruction ofimmune complexes, including lysis offor--eign cells. Two routes of activation (classical and alternative) of the system are known, both involving the third component, C3. This protein consists of two disulfide-bridged chains, a (Mr -115,000) and P (Mr =75,000). Activation of C3 entails proteolytic removal of a vasoactive peptide, C3a, from the amino end of the a-chain. The remaining disulfide-bridged protein, C3b, functions in subsequent steps ofthe lytic sequence in both pathways, in positive-feedback activation of the earlier steps of the alternative pathway, and in opsonization reactions (for reviews, see refs. 1-4). "Nascent" C3b (5) generated by either pathway binds covalently to cell surfaces and complex polysaccharides through an ester bond (6) in which the acyl group is contributed by a residue from the C3d region of the a-chain (7, 8) . The C3d fragment is produced from C3b by the concerted actions of C3b inactivator and /31H globulin (9) and additional blood proteases (10) (11) (12) .
Native C3, prior to activation, appears to have a site equivalent to that in nascent C3b but ofmuch lower reactivity. Treatment of C3 with hydrazine (13, 14) , ammonia (13) , or KBr (15) destroys its hemolytic function, changes its behavior on sedimentation and immunoelectrophoresis, and alters its antigenicity. It was previously shown in our laboratory (16, 17) that loss ofthe hemolytic function in C3 is in one-to-one correspondence with the appearance of a unique thiol group in the a-chain and with covalent attachment of the nucleophile [14C]methylamine to the a-chain (18) . In the latter study, a 35-residue tryptic peptide was isolated and shown to contain both the nucleophilebinding residue (glutamyl derivative) and the cysteine residue that is exposed on inactivation. Therefore, it was proposed (18) that the two residues are present in thiol ester linkage in native C3 and that inactivation results from cleavage of the bond. Remarkably, the local sequence containing the glutamyl derivative and cysteine residues (Gly-Cys-Gly-Glu-Glx-Asn-Met) was identical with that surrounding an alkylamine-sensitive site in y2-macroglobulin (a2M) (19) , which was also proposed to contain a thiol ester (18) . This interpretation was subsequently adopted by Howard (20) , who had earlier favored an internal pyroglutamyl residue (21) .
Recent studies by Law et al. (22) and Sim et aL (23) further support the idea that there is an activated internal acyl group in C3 (8) that can subsequently be transferred to 0-or N-nucleophilic groups on the surface ofactivating particles. Covalent attachment of a2M to proteases occurs after cleavage by the protease and is probably accomplished by a similar acyl group transfer (24) (25) (26) . The fourth component of complement, C4, functions very much like C3 (27) (28) (29) (30) (31) (32) (33) and contains an identical sequence around the thiol ester site (34, 35) . Surprisingly, C5, which' has many similarities to C3 and C4, seems to lack a thiol ester: treatment with methylamine does not result in loss of hemotytic function, in incorporation of reagent, or in release of a thiol group (22, 32) .
The' thiol ester site of C3 is located in the C3d region of the a-chain. This region is defined on the basis -of its release as a discrete fragment of Mr =33,000 on inactivation of bound C3b by enzymatic conversion. The C3d remains covalently bound to the cell surface (7) and is recognized by a cell-surface receptor (CR2) present on B lymphocytes (36, 37) . Its two modes ofbinding to cell surfaces make C3d exceptionally interesting for structure-function studies. In use a specific peptide chain cleavage at the thiol ester site to establish its location -(and hence that of C3d) in the a-chain; we extend the known homology between C3 and a2M to include a region ofpeptide chain that is glycosylated in a2M. A preliminary report of these studies has been presented (38) .
MATERIALS AND METHODS
Most ofthe methods and reagents have been described (16) (17) (18) . Other reagents were obtained as follows: iodoacetamide (Pierce); sodium ['4C]cyanide (Amersham); 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) and L-cysteine (Sigma); Whatman CM-cellulose (Reeve-Angel); activated thiol-Sepharose (Pharmacia). Porcine pancreatic elastase (Worthington, twice crystallized) was further purified to remove other endopeptidases (39) .
Native C3 was isolated from fresh human plasma (40) . Methylamine-inactivated protein, including that labeled with
[14C]methylamine or iodo [1-_4C] acetamide, was prepared as described (18) . Spontaneously inactivated C3 [C3(i)] was prepared from an older C3 preparation by ion-exchange chromatography (17) .
Isolation of C3d Fragment. Activated thiol-Sepharose was treated for 1 hr at 370C with 10 mM iodoacetamide in Tris/ EDTA buffer (0.1 M Tris-HCl, pH 8.0/10 mM EDTA) to block residual thiol groups. Iodoacetamide was removed by washing on a sintered-glass funnel. Methylamine-inactivated C3 was coupled to the matrix by stirring 307 nmol of protein with 1.7 g of gel in 100 ml ofTris/EDTA buffer (2 hr, 37°C, under N2). Unbound protein (74 nmol) was removed by washing with 0.1 M Tris HCl, pH 8.0/1 mM CaCl2/1 mM MgCl2. The gel was suspended in 20 ml of the same buffer, 1.8 mg of elastase was added, and digestion was carried out for 2 hr at 37°C. Digestion was repeated after addition of a further 1.4 mg of elastase. Liberated protein was removed by washing the gel with 100 ml of Tris/EDTA buffer. The C3d, which remained covalently bound to the matrix, was displaced by incubating the material with 10 mM L-cysteine in Tris/EDTA buffer (1 hr, 37°C). Supernatants from two successive incubations were collected by filtration, pooled, and dialyzed against Tris/EDTA buffer/i mM L-Cysteine. Recovery was 97 nmol of C3d (31%). NaDodSOJpolyacrylamide gel electrophoresis of C3d was performed according to the method of Laemmli (41) . Cleavage of C3(i) at the SH Site. C3(i) (0.83 mol of SH/mol of protein) was S-cyanylated and cleaved by using the method of Vanaman and Stark (42) . During the entire procedure, 0.1 M sodium phosphate/2 mM EDTA was used at the specified pH values. Protein [2.8 mg ofC3(i) in 0.55 ml] was treated with 1 mM DTNB, pH 7.0, at 25°C; the reaction was monitored at 412 nm. After 10 min excess reagent and by-products were removed by centrifugation through previously equilibrated (pH 8.5) Sephadex G-25 (24) . The mixed disulfide [-0.02 mM C3(i)S-TNB] was then treated with 0.69 mM Na14CN (60 mCi/ mmol; 1 Ci = 3.7 x 1010 becquerels); the reaction was again monitored at 412 nm. After 25 min at-25°C, excess Na14CN was destroyed with 0.84 mM DTNB. The S-cyanylated protein was freed of reagents as above and then incubated for 32 hr at 370C with 0.2% NaDodSO4, pH 8.2. These conditions result in cleavage of the peptide bond amino terminal to the S-cyanocysteinyl residue (43, 44) ; the label remains covalently bound and serves to identify the fragment distal to the cleavage.
RESULTS AND DISCUSSION Production ofC3d Fragment and Location ofthe Thiol Ester Site. Digestion ofhuman C3 with human leukocyte elastase has been used to produce C3d (45) . It has been shown that a cysteinyl residue generated by treatment of native C3' with hydroxylamine is located in C3d (16 vator-PlH globulin complex followed by limited digestion with trypsin. In the present work, we treated C3 with porcine pancreatic elastase and obtained essentially equivalent results.
Sequence Analysis. Methylamine inactivation of C3 releases a unique thiol, enabling-the protein to be covalently coupled to activated thiol-Sepharose. Proteolytic digestion can then be used to remove much of the molecule, leaving only the thiolcontaining region attached to the matrix. Displacement of this by L-cysteine is a highly selective method of preparation and regenerates the original thiol for reaction with iodo [2-3H] acetate. This method has previously been used to prepare a 35-residue tryptic peptide (18) . In the present work we used elastase digestion and obtained fragment C3d in 31% yield (97 nmol from 307 nmol ofC3). The results ofgel electrophoresis of the eluted material are shown in Fig. 1 was subjected to automated sequence analysis as described (18) . A single amino acid sequence was followed for 25 steps (Fig. 2, residues 3-27 ). Residues 1-26 were identified, using a sample of C3d prepared by elastase digestion in free solution (48) . The sequence clearly overlaps that of the previously described tryptic peptide (18) . A new sample of the latter was prepared and analyzed;-the completed sequence of.this peptide is shown in Fig. 2 as residues 15-49. These results indicate that the thiol ester site is close to the amino end of C3d. Direct evidence for this comes from the release of radioactivity associated with the carboxymethylcysteine at residue 23 and identification of the phenylthiohydantoin derivative of y-glutamylmethylamide at residue 26.
Location of C3d Fragment in a-Chain. Because the experiments described above define the position of the thiol ester in C3d, we used the results to identify the location ofthe C3d fragment in the a-chain of C3. To do this, we took advantage of the specific peptide chain cleavage at S-cyanocysteinyl residues a b 8.2 in the presence of 0.2% NaDodSO4; almost all of the 14C label that remained bound to protein (after treatment with 2-mercaptoethanol) migrated with a band of Mr =70,000. During chain cleavage, the S-cyanocysteinyl residue is converted to 2-iminothiazolidine-4-carboxylic acid, retaining the label at the amino end of the fragment distal to the cleaved peptide bond (44) . The above results establish that the cleavage site lies ==40% ofthe distance from the amino terminus ofthe a-chain. A similar fragmentation pattern was observed when C3 that had been inactivated with methylamine or half~saturated KBr was treated with 1 mM 2-nitro-5-thiocyanobenzoic acid and then incubated at pH 8.2 in the presence of 0.2% NaDodSO4 (unpublished data). The C3d fragment must therefore correspond approximately to residues 345-610; this location is nearer the interior of the chain than was previously supposed (45) .
Overall Structure of C3. Our current concept of the structure of C3 is illustrated in Fig. 4 . The protein is synthesized as a single-chain precursor (Mr =180,000) (50), having the future 8-chain at the amino terminus (51) . Specific proteolysis during maturation gives the typical circulating form ofC3, in which the Relationships Among C3, C4, and %2M. Several lines of evidence indicate a common ancestry for the three proteins, and the present work extends this significantly. All are synthesized as large single polypeptide chains of Mr 180,000-200,000 (24, 49, 53) and contain in their circulating forms a thiol ester bond (18, 25, 32) ; the amino acid sequences in the immediate vicinity of the thiol ester are identical (18, 20, 34, 35, 54) . Results presented here show that the thiol ester bond in C3 is located ==115,000 daltons from the amino end of pro-C3, a position closely resembling that found in a2M (54) . The thiol ester is required in all three molecules for covalent binding of the proteins to its acceptor (17, 18, 22, 23, 25, 26, 32) Another structural similarity between C3 and a2M was found in the work described here. A second region of sequence identity was observed, involving a site known to be glycosylated in a2M (47) . The only other conserved residues in the known sequences are two prolines flanking the thiol ester site and a leucine at position 16 of CMd.
Possible Conformations ofthe Thiol Ester Site. Understanding these proteins requires understanding how the thiol ester group is formed and how it is subsequently activated for transfer to the various acceptors. Attempts were made to build spacefilling models ofthe conserved sequence Gly-Cys-Gly-Glu-GluAsn, incorporating the proposed thiol ester. Various regular structures for the peptide were found to be incompatible with a thiol ester between the cysteine and the second glutamate residues. In extended conformation, as would occur in a single strand of(-pleated sheet, the side chains emerge from opposite sides and cannot be linked. Similarly, the side chains are not long enough to form a covalent bridge between successive turns ofan a-helix. Ifa (3-turn is constructed, the bridge can be made, but only with excessive distortion. By contrast, an irregular sharp bend can be made (Fig. 5 ) in which the thiol ester group is planar and all bond angles and distances appear to be within normal limits. It is presumed that the unmodified glutamate is protruding into solvent and that the main body of the protein lies above and behind the part of the molecule depicted. The thiol ester would then be partially shielded from solvent by Biochemistry: Thomas et aL I nonpolar amino acid side chains, significantly increasing its stability in aqueous solution. Several minor variants of the conformation are equally acceptable, and other L-amino acids, except proline, can occupy the position following cysteine. A similar conformation is possible for peptides in which aspartate replaces glutamate as acyl donor.
Whatever the detailed conformation of the thiol ester, it is located far in the protein sequence from the bond whose cleavage leads to its destabilization (=280 residues). This does not, however, rule out the possibility that the two are close in space. It is noteworthy that C3a is removed from an end ofthe a-chain; thus, there is no change in the covalent connections in the remainder of the molecule (C3b). Nevertheless, there is a major change in accessibility and reactivity of the thiol ester (22, 23) . It is unclear how much of this is due to increased exposure of the thiol ester site and how much is due to enhanced reactivity as such. Howard (20) suggested enhancement by attack from a peptide amide assisted by the ionized carboxyl group of the neighboring glutamic acid residue. More recently, Davies and Sim (58) proposed acid catalysis involving the same carboxyl group but in its un-ionized form. From our model-building studies, we find the former suggestion much more attractive, conformational distortion being minimal. By contrast, the latter mechanism demands major distortion of a peptide bond (an 60°twist from planarity), as well as a protonated carboxyl group having a pK several units above the usual pKa value. It should be emphasized that, at this stage, any proposed mechanism must be tentative and that the exact nature of presumed conformational change remains to be established.
